We describe a high efficiency detector for measuring electron-positron pair transitions in nuclei. The device was built to be insensitive to gamma rays and to accommodate high overall event rates. The design was optimized for total pair kinetic energies up to about 7 MeV.
Introduction
During stellar helium burning, the "triple alpha" (3α) reaction involving the excited 0 + state at 7.65 MeV (the so-called "Hoyle state") in 12 C converts alpha particles to 12 C. Certain stellar processes are sensitive to the 3α reaction; current models of stellar evolution require that its rate must be known to within about 5% to describe these processes accurately [1] . The reaction rate is inversely proportional to the pair branch (Γ π /Γ), of the Hoyle state, the fraction of the time that, once formed, this state decays to the ground state by the emission of an electron-positron pair. This branch is presently known with an accuracy of 9.2% [2, 3, 4] and is by far the largest uncertainty in determining the rate.
The detector described here was designed to measure Γ π /Γ to within about 5%, resulting in a determination of the 3α rate to about 6%. The experiment is simple in principle: the 0 + 2 excited state in 12 C is excited by inelastic proton scattering at a bombarding energy of 10.4 MeV. The population of the state is tagged by the observation of scattered protons detected using two Si PIN diodes placed at 125
• in the laboratory with respect to the beam direction. The choice of the scattering angle takes advantage of a resonance in the excitation function of the 12 C(p,p ′ ) 12 C(7.65 MeV) reaction to maximize the count rate [5] . Positron-electron pairs from the decay of the 0 + 2 state are detected in coincidence with protons using an array of plastic scintillators. The ratio of the proton-pair coincidence rate to the proton singles rate then gives the branching ratio, after correction for detection efficiency, random coincidences and gamma-ray contamination. The principal difficulty of this measurement is that Γ π /Γ is extremely small, about 6.7 × 10 −6 , and hence sensitive to even small backgrounds for the e + -e − pairs. The dominant physical background is the much more probable cascade gamma decay of the Hoyle state which possesses a branching ratio of Γ γ /Γ = 4.1 × 10 −4 . Excitation of the 2 + state at 4.44 MeV in 12 C and of states in target impurities, e.g. 28 Si, are other sources of background. Additional (random) backgrounds can be produced by interactions of the proton beam with collimators, elements of the detector, and the beam stop. Further details on the experiment are given in References [1] and [6] .
Section II describes the detector constructed for this purpose with special attention to features important for the reduction of backgrounds. In sections III and IV the results of GEANT4 simulations are discussed and compared with the observed performance of the detector.
Detector properties and construction
The conceptual design of the detector is shown in Figure 1 . Figure 2 shows a photograph of the detector installed inside the scattering chamber. The active elements of the detector, consisting of a thin tube surrounded by a square block segmented into four quadrants, were constructed of Bicron BC404 plastic scintillator. The energies deposited by the electrons and positrons in the quadrants of the scintillator block were read out using photomultiplier tubes (PMTs) attached to each quadrant with a light guide constructed of BC800 plastic. The scintillator tube was coupled to a PMT using a flexible silicone pad. By requiring coincident events in one or more quadrants and the central tube, gamma-ray backgrounds were suppressed by the low sensitivity of the thin scintillator tube to gamma rays. In order to shield the active elements of the scintillator array from protons scattered from the target, a 2 mm thick tube of inert plastic (acrylic) surrounded the target inside of the active tube as shown in Fig. 1 . Holes were bored in this central tube to allow protons in the beam, or protons that were to be detected in the silicon detectors to emerge. Table 1 summarizes the materials used in the construction of the detector.
The absorber and scintillator tubes, as well as the surrounding scintillator blocks, were mounted on an aluminum base plate. The surfaces of the scintillator quadrants were covered with white epoxy paint so as to provide light insulation between the quadrants, as well as to improve light collection. The segmentation of the square block into quadrants improves the rate capability of the device by limiting pulse pile up.
The beam entrance and exit holes were lined with tantalum tubes which prevent beam particles from entering the scintillators. The beam holes were also painted with white epoxy paint before insertion of the liners so as to prevent the absorption of scintillation light by the dark liner.
The silicon detectors were 1 mm thick PIN diodes segmented into three sectors and are described in Reference [7] . The solid angle for protons is defined by two 4 mm diameter holes in the acrylic tube at 125
• in the laboratory with respect to the beam direction. These holes extend through the scintillator tube with a diameter of 12.7 mm; the holes through the adjacent quadrants have a diameter of 12.7 mm, widening to 16 mm at the light guides to prevent the exiting particles from scattering back into the scintillators. The size of the apertures was chosen to keep the kinematic spread in proton energy comparable to the intrinsic Si detector resolution. The acceptance solid angle can be further restricted by tantalum apertures placed in front of the Si detectors, so as to reduce the kinematic spread.
GEANT4 simulations
We have carried out Monte Carlo simulations of the scintillator detectors using the code GEANT4 [8] . The aim of the simulations is to guide the design, as well as to understand the response of the scintillators to electrons, positrons, and gamma rays. This understanding is crucial to the determination of important operational characteristics such as pair efficiency, gamma-ray efficiency, and suppression. In practice, these properties are determined from comparisons between data and simulation for isolated, well-identified transitions. For the gamma-ray cascade of the 12 C(0 + 2 ) state, the response to the 3.21 MeV gamma ray is determined from the Monte Carlo simulation.
Elements of the GEANT4 simulation
The GEANT4 simulation includes all the active elements of the plastic scintillator detectors. These elements are modeled with a realistic detector geometry. The central, inactive tube is also included in the simulation as particles and gamma rays deposit energy in this element as well. The simulation provides the energy deposited in each volume included in the experimental geometry. Elements not included are the light guides, aspects of light collection and light attenuation, and the response of the PMTs. Experimental resolution effects are treated later in the simulation process as described below.
Electron-positron pairs from E0 transitions were simulated using the well-known energy and angular correlations given by the Born approximation [9] :
where ǫ and ǫ ′ are the total energies of the electron and positron. The angular correlation between the electron and positron is given by:
where α is the E0 anisotropy factor derived using the Born approximation (see Appendix C of Reference [10] ), and is given by:
The response of the detector to pairs from the decay of the 12 C(0 16 O were simulated. In all cases, the photons were emitted from the target center and distributed isotropically throughout the entire solid angle. In the case of two-gamma-ray cascades, the photons were each emitted isotropically and the angular correlation between them was ignored. For positrons, electrons, and gamma rays the low-energy processes of GEANT4 were used to extend the validity range of the coded electro-magnetic interactions and cover the full range of experimental energies (see Chapter 12 of Reference [8] ). These processes include annihilation in flight for positrons.
e
+ -e − response and efficiency
The design goals for the detector were that it be able to stop and measure the energies of the positrons and electrons produced from the 12 C(0 + 2 ) pair decay, while remaining relatively insensitive to the gamma-ray cascade decay of that state. enter the quadrants, stop near the center of the detector and away from the corners where light collection presumably deteriorates. Those positrons or electrons that exit the detector without depositing their full energy mainly do so through the central hole, the beam entrance and exit holes, the empty spaces between the acrylic and the scintillator tubes or the scintillator tube and the quadrants; some particles exit the detector after depositing energy in a quadrant.
Figures 4(a) and 4(b) show the energy deposited in the active scintillator tube and the total energy deposited in all active components of the detector (i.e., the scintillator tube and the four quadrants) for simulated 16 O(0 + 2 ) pairdecay events. The low-energy peak structure observed in Fig. 4(a) arises from events where one of the two particles never reaches the tube, either because it exited the device or was absorbed by the inert central tube. The higher energy peak corresponds to events where both particles deposit energy in the scintillator tube. In Figure 4 (b), the spectrum peaks at a total deposited energy of about 4.18 MeV, showing that on average approximately 1 MeV of pair kinetic energy is lost by particles traversing the inert central tube.
To determine the simulated detection efficiency for e
+ -e − pairs, we make the following assumptions: for an event in which the energy deposited in the scintillator tube was greater than 0.16 MeV, and the energy deposited in at least one of the four scintillator quadrants was greater than 0.13 MeV, corresponding to the respective experimental energy thresholds, the pair was detected. Otherwise, the pair was not detected. The ratio between the number of detected pairs and total number of emitted pairs gives the simulated detection efficiency, and was ∼85% for the decay of the 16 O(0 2 ) excitation, which cannot be determined directly. While the experimental detection efficiency depends on other factors in addition to the total deposited energy, such as timing, detector thresholds, etc., the difference between the efficiencies for the two pair transitions should be relatively insensitive to these detailed effects. Figure 5 shows the simulated total energy deposited in the scintillator tube and all active detector elements for several gamma-ray transitions as detailed in the caption. The sensitivity of the device to the 511 keV photons is very small and therefore an additional 1.022 MeV of the single gamma-ray transition energy is lost for many pair production events. The sharp peaks 1.022 MeV below the maximum deposited energy in the total energy spectra illustrate this effect.
Response to gamma rays
The efficiency for gamma rays estimated from these simulations was obtained in the same fashion as described above for e + -e − pairs. The simulated efficiencies for single gamma-ray and cascade gamma-ray transitions are shown in Figure 6 , where they are compared to their experimental values. The experimental gamma-ray coincidence efficiency was determined by comparing proton events obtained with, and without coincident signals in the scintillator-detector array. For a given total gamma-ray energy, the efficiency for detecting at least one of the two photons in a cascade is systematically larger than that for a single photon carrying the same energy. Figure 7 shows (a) a "singles" proton- Figure 8 illustrates the method used to calibrate the tube energy. The peaks in the tube spectra near 0.5 MeV ( 12 C(4.44 MeV)) and 1.2 MeV ( 16 O(6.05 MeV)) are first assigned a reasonable channel number based on the corresponding uncalibrated experimental spectra. The calibration constants are then refined recursively by fitting the simulated spectra to data. Detector thresholds and an approximate detector resolution function are applied to the simulations for each detector component based on experimental data. Once the energy calibration has been determined, the best fit parameters for the resolution function used to smear the simulated data are obtained by fitting the tube spectrum for 16 O(6.05 MeV). They are then fixed to fit the tube spectra for many gamma rays (we illustrate the case of 12 C(4.44 MeV) on Figure 8(a) ). The same method is used to determine the best fit parameters for the quadrants. This gives the following detector resolution functions: a Gaussian with an energy dependent width of σ(MeV ) = 0.00097 + 0.16 × √ E + 0.0010 × E for the tube spectra and σ(MeV ) = 0.0045 + 0.088 × √ E + 0.00098 × E for the quadrant spectra, where E is the deposited energy. The widths of the resolution functions include three terms: an energy-independent part to account for the baseline noise, a √ E term to account for the statistical nature of light collection, and a term proportional to E to account for the variation of light collection efficiency within the detector. Figures 9(b) and 9(d) show the same two-point calibration technique applied to one quadrant using the 12 C(4.44 MeV) and the 60 Co(1.17+1.33 MeV) transitions. The high-energy drop-off on the quadrant spectra occurs below the Compton edge for gamma rays from 12 C and 28 Si due to the requirement of energy being also deposited in the scintillator tube. The simulations for 28 Si(1.78 MeV) are convoluted using the to data. Figures 10(c) and 10(d) show the corresponding experimental energy spectra normalized to the simulations. The same detector resolution function as the one used for the gamma-ray quadrant spectra has been applied to the simulated spectra before normalization; the results are in good agreement with the data.
Comparison Between Experimental Results and Simulations

Energy calibrations
e
+ -e − detection efficiency and gamma-ray suppression
The experimental efficiency of the scintillator-detector array for e + -e − pairs from the 16 O(0 + 2 ) level was obtained in a manner similar to that described above for gamma rays. Fig. 11 shows proton-energy spectra in the region of the 16 O(0 2 ), the data were fit with three overlapping Gaussians. The curves in Fig. 11 show the resulting fits to the proton-energy data. In Fig. 11(a) enhanced relative to those corresponding to excitations that decay by gamma rays. The experimental value of the pair efficiency is 65.4 ± 1.8 %, compared to the simulated value of 85%. The systematic over-prediction of the detector efficiency is similar to that observed for various gamma-ray transitions.The difference between the observed and simulated efficiencies is attributed to effects not treated in the simulation, such as light collection in the scintillators and light guides and a realistic treatment of electronic thresholds. While these effects are not fully addressed in the simulation, the experimental efficiency may be calibrated by the 16 O(0 
Conclusion
The pair detector described here was used for an experiment to better determine the rate of the triple alpha experiment by improving the error bars on the internal pair emission branch of the 0 + 2 excited state in 12 C. The detector performance was simulated using the GEANT4 simulation framework. The simulations helped determine the best detector geometry at the design stage and were crucial for the detector calibration and the determination of important detector efficiencies. Monte Carlo simulations combined with empirically determined detector resolution functions yielded good agreement with the experimental data.
